We investigated the effects of photoreceptor degeneration on the anatomy and physiology of inner retinal neurons in a mouse model of retinitis pigmentosa, the retinal degeneration (rd) mutant mouse. Although there is a general assumption that the inner retinal cells do not suffer from photoreceptor death, we confirmed major changes both accompanying and after this process. Changes include sprouting of horizontal cells, lack of development of dendrites of rod bipolar cells, and progressive atrophy of dendrites in cone bipolar cells. Electrophysiological recordings demonstrate a selective impairment of secondorder neurons that is not predictable on the basis of a pure photoreceptor dysfunction. Our data point out the necessity to prove integrity of the inner retina before attempting restoring visual function through photoreceptor intervention. This is even more important when considering that although intervention can be performed before the onset of any symptoms in animals carrying inherited retinopathies, this is obviously not true for human subjects.
Retinitis pigmentosa (RP) leads to blindness in thousands of people worldwide every year. Few if any treatments are available for this pathological condition. Among natural mutants, the retinal degeneration (rd)/rd mouse displays a form of hereditary retinal degeneration that is considered a model for human RP. In this mouse, rods begin degenerating around postnatal day (P) 8, followed by cones, and by 4 weeks virtually no photoreceptors are left (Carter-Dawson et al., 1978; Jimenez et al., 1996) . Farber and Lolley (1974) and Lolley and Farber (1976) showed that degeneration is preceded by retinal accumulation of cGMP and is correlated with deficient activity of the rod photoreceptor cGMPphosphodiesterase (Bowes et al., 1990) . Much of the studies devoted to the rd/rd mouse have focused on the genetics, biochemistry, and morphology of degenerating photoreceptors, with minor attention to possible effects on inner retinal cells. However, classic and recent literature proves that inner retinal neurons react to photoreceptor degeneration: a study on retinas of human RP donors (Santos et al., 1997) showed loss of inner nuclear layer (INL) and ganglion cell layer cells. Decreases in the number of ganglion cells (Stone et al., 1992) , as well as alterations of the remaining rods and cones (Li et al., 1995) , have been reported previously. In rat models of degeneration, histochemical changes in the inner plexiform layer (IPL) have been described (Eisenfeld et al., 1984; Lund et al., 1997) , although inner retinal signaling remains sensitive (Bush et al., 1995) . In rd mice, immunoreactivity for L7, a marker for on-bipolar cells, shows progressive changes (Ogilvie et al., 1997) : Müller glia cells (Sheedlo et al., 1995; Chaitin et al., 1996) and rod bipolar cells (Kwan et al., 1999) are altered, as well as GABA and GABA-receptor immunoreactivity in the INL (Yazulla et al., 1997) . Studies on mice with a different photoreceptor alteration ("retinal degeneration slow" or rds mice) have shown that at late stages of photoreceptor loss, the INL becomes thinner and irregular (Sanyal et al., 1980) , whereas the morphology of surviving rods becomes altered (Jansen and Sanyal, 1992) . In certain forms of RP, there are morphological and electrophysiological abnormalities in postreceptoral cells (Fariss et al., 2000) . Retinal electrophysiological studies of RP patients (Cidecyian and Jacobson, 1993; Falsini et al., 1994) indicate dysfunctions at or beyond the receptor synapse.
Recently it has been shown that mutated photoreceptors can be rescued by various approaches, including somatic and vectorbased gene therapy (Bennett et al., 1996 (Bennett et al., , 1998 Jomary et al., 1997; Ali et al., 2000; Acland et al., 2001; Takahasi et al., 1999) , administration of survival factors (Frasson et al., 1999; Ogilvie et al., 2000) , and transplantation of intact retinal sheets (Gouras et al., 1994; Woch et al., 2001) . The increasing efficacy of these strategies demands an assessment of the long-term preservation of the inner retinal structure despite the loss of photoreceptors: partial rescue of photoreceptors would be doomed to failure if inner retinal layers had been irreversibly affected by even partial photoreceptor loss.
The central purpose of our study was to test the integrity of the inner retina in the rd/rd mutant mouse. We used anatomical and electrophysiological techniques to reveal modifications in the inner retina after photoreceptor loss. We have shown previously that in the rd/rd mutant, rod bipolar and horizontal cells undergo profound morphological alterations (Strettoi and Pignatelli, 2000) . Here, we describe additional alterations in cone bipolar cells at later stages of photoreceptor degeneration, as well as functional abnormalities that are detectable very early in the animal's life. At least some types of amacrine cells, on the contrary, appear normal. Overall, we provide a systematic analysis of the rd/rd retina structure and function that casts doubt on the long-held dogma according to which inner retinal neurons are relatively insensitive to photoreceptor degeneration.
MATERIALS AND METHODS
All experimental procedures were done in compliance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmology and Vision Research and with the rules for animal experimentation of the Italian Ministry of Health.
Animals
rd /rd mutant mice of the C3HPde strain and wild-type (wt) mice of the C57BL /6J strain were used for the present study. Animals were kept in an artificial 12 hr light /dark cycle, with the illumination level below 60 photopic lux.
Histology
Immunoc ytochemistr y. Adult (1-3 months) mice were anesthetized with an intraperitoneal injection of avertin (15 mg / kg) and perf used transcardially with 4% paraformaldehyde (PAF) in 0.1 M phosphate buffer. Young animals (10 -20 d) were enucleated under anesthesia, and their eyes were immersion fixed in PAF. For immunocytochemistry (ICCH) on sections, whole eyes were sucrose infiltrated, frozen, and serially sectioned at 14 m on a cryostat. Sections from groups of three agematched animals of the same strain were mounted on the same slide to ensure minimal differences in tissue handling and allow ready comparisons. ICCH was also performed on retinal whole mounts after retinal isolation from the eyecup following fixation. ICCH protocols were described in Strettoi and Pignatelli (2000) . Primary antibodies were as follows: mouse and rabbit anti-protein kinase C ␣ (PKC; Sigma); rabbit anti-L7 (from Dr. C. C epko, Harvard Medical School, Boston, M A); rabbit anti-mGluR6 (from Dr. S. Nakanishi, Osaka University, Osaka, Japan); mouse and rabbit anti-calbindin D-28k [Swant; Haverkamp and Wassle (2000) ]; mouse and rabbit anti-caldendrin (from Dr. M. R. Kreutz, Leibniz Institute for Neurobiology, Magdeburg, Germany); rabbit anti-neurokinin 3 (N K3, Nova Biological); mouse anti-G o ␣ (Chemicon); mouse and rabbit anti-neurofilament 200 kDa (clone N52; Sigma); mouse anti-glutamine synthetase (Chemicon); rabbit anti-glial fibrillary acidic protein (GFAP, Sigma); goat anti-choline acetyl transferase (ChAT; Chemicon); rabbit anti-tyrosine hydroxylase (TH; Chemicon); and rabbit anti-disabled 1 (from Dr. T. Curran, St. Jude Children's Research Hospital, Memphis, TN). A synopsis of all the antibodies used is shown in Table 1 . Secondary antibodies were anti-mouse-Oregon Green 488 and anti-rabbit-Alexa 568 (Molecular Probes; used for single and double staining) or anti-rabbit and anti-goat conjugated with C y3 (Sigma; used for single staining). Retinal preparations were examined with a Leica TC S-N T confocal microscope equipped with a kryptonargon laser. To compare retinal cell morphologies in wild-type and rd preparations, the following parameters were matched: age; fixation and immunostaining protocols; retinal eccentricity, measured as a distance from the optic nerve head; magnification, pinhole size, gain and offset of the confocal microscope; and thickness of extended-focus images obtained at the confocal. Files were saved in TI FF format and exported on an image analyzer (MCI4, Imaging) for morphometry. Three to four littermates for each strain for each age (P10, P20, P30, P90) were used for ICCH on vertical sections and reacted with the f ull panel of antibodies listed above; whole-mount ICCH was performed on P10 and P20 retinas to reveal calbindin D and neurofilaments (three retinas, for each age, for each strain of mice). Eighteen retinas (9 wt and 9 rd) were used for whole-mount ICCH for the following antibodies: PKC /G o ␣, TH, and ChAT. Counts of TH-positive cells were performed on photographic montages of the whole extensions of four retinas for each strain of mice at P90. Counts of ChAT-positive amacrine cells were performed on three retinas for each strain of mice at P90, following the methods described in Galli-Resta et al. (2000) . A total of 50 animals were used for ICCH. Quantitative analysis of sprouts emerging from cell bodies and dendrites of horizontal cells at P10 was performed as follows: sections from six retinas, three from rd and three from wild-type mice, aged P15, were reacted in parallel and stained with calbindin D antibodies. Images of identical size from three adjacent sections from each retina at similar eccentricities were obtained at the confocal microscope and exported on the image analyzer. Sprouts encountered within a linear extension of 2.5 mm were counted systematically. Counts from rd and wt were compared.
Electron microscopy. T wo additional mice (1 rd and 1 wt), 3 months old, were anesthetized and perf usion fixed for electron microscopy with a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in buffer. After enucleations, retinas were isolated, dissected into small blocks, postfixed with osmium tetroxide, bloc stained with uranyl acetate, dehydrated in ethanol, and embedded in Epon /Araldite. Ultrathin sections were obtained from central retinal areas, collected on grids, and examined with a Jeol 1200EX II electron microscope. Photographs were obtained of rod bipolar axonal endings in sublamina 5 of the inner plexiform layer. Negatives were printed at a final magnification of 25,000ϫ. Rod bipolar axonal endings were identified by their typical morphology, analyzed with respect to synaptic contacts, and measured along their major axis. A total of 20 endings from wt and an equal number from rd retinas were examined.
Gene-gun labeling. Single-cell staining with DiI and DiO was performed with a helium gene gun (Bio-Rad) according to the protocol Rabbit anti-TH Dopaminergic amacrine cells described in Gan et al. (2000) . Briefly, the gene gun was loaded with single DiI and DiO bullets and set up at a pressure of 60 -80 psi. Retinas were dissected from quickly enucleated eyes of three wt and three rd animals that were 3 months old. Retinas were kept in ice-cold, oxygenated saline solution for 5 min and then were placed receptor-side up on Millipore filter paper, dried, and exposed to a single shooting of dye. After successf ul stain, retinas were fixed for 30 min in 2% PAF, rinsed in buffer, and examined at the confocal microscope. To expose inner retinal neurons from wt retinas before shooting them with the gene gun, the outer layers were removed by gentle stripping with Millipore filter paper that was placed on the outer retinal surface. A total number of 9 rd and 3 wt axonal arborizations of horizontal cells were examined.
Electrophysiology
T wenty-six rd /rd mice, ages 12-14 d to 3.5 months, and 24 wt mice as controls in the same age range were tested. Additional recordings were performed on mice expressing the rd mutation on the C57 background, obtained by back-crossing for more than eight generations. No differences were detected between these rd mutants and those from the C3H strain. Animals were dark adapted overnight and anesthetized under dim light; their pupils were dilated with 1% atropine (T ubilux Pharmaceuticals). ERGs were recorded by corneal Ag-AgC l rings inserted below the eyelids in response to 50 sec broad-band white flashes of varying intensity delivered by a standard Ganzfeld stimulator (Lace Elettronica, Pisa, Italy). Background light for light-adapted recordings was by the same Ganzfeld system. The intensity of stimulation and background was controlled with neutral density filters. Flash intensity varied between 0.2 and 20 photopic cd /m 2 per second. Background intensity was set at 12 cd /m 2 , except for one experiment in which it was changed to between 12 and 600 cd /m 2 . At the position occupied by the mouse eye during experiments, directional variations of light intensity did not exceed Ϯ15% of the average intensity.
Electrical signals were differentially amplified 5000-fold with a high common mode rejection amplifier (Lace Elettronica), bandpass filtered between 0.1 and 1000 Hz, and digitized on-line at 2 kHz with 12 bit accuracy. Digital signals were signal averaged (up to 50 waveforms, depending on the noise level) and stored on a PC disk. Partial blocks (two to six packets) of the total average were also stored to verif y reproducibility of waveforms. The interval between repeat flashes was set to allow complete recovery of the b-wave between flashes, except for one series of experiments in which responses were collected at different stimulus repetition rates (flicker) between 0.1 and 20 Hz.
Electroretinographic a-and b-waves were quantified in their amplitude (baseline to negative a-wave peak, a-wave to positive b-wave peak) and time-to-peak (from stimulus onset to negative a-wave or positive b-wave peak). For b-wave analysis, oscillatory potentials (Peachey et al., 1993; Lyubarsky et al., 1999) were removed by digital filtering. The lightintensity dependence of the a-and b-wave amplitudes, measured at fixed times after stimulus onset, was determined Frishman, 1995, 1996; Rohrer et al., 1999) . Normalized initial slopes (Rohrer et al., 1999) of both ERG components were also estimated and plotted as a f unction of light intensity. The initial slope was measured as the slope of the tangent that best fits the initial decline (for the a-wave) or rise (for the b-wave) of the normalized waveform. The results were averaged, and comparisons were made among averaged values. Errors are presented as SDs. To determine statistical significance, Student's two-tailed t test or ANOVA was used; p Ͻ 0.05 was considered statistically significant.
RESULTS Anatomy
We compared systematically rod and cone bipolar cells, horizontal cells, Müller glial cells, and some types of amacrine cells of rd and wt retinas from P10 to P90.
On P10, many rows of photoreceptors are still present in the rd retina, although their death process is actively taking place. Synaptogenesis is effective in both plexiform layers. Most of the cell types examined at this age appear indistinguishable from their wt counterparts; namely, the dendrites of rod bipolar cells are very similar in wt and rd, on P10, and axonal arborizations of rod bipolar cells, in both strains, appear to be constituted of large clusters of small varicosities, extending into sublaminas 4 and 5 of the IPL. We have shown previously (Strettoi and Pignatelli, 2000) that the metabotropic glutamate receptor, mGluR6, normally placed at the dendritic tips of rod bipolars and depolarizing cone bipolars (Vardi et al., 2000) , has a distribution typical of the immature cells: staining is present in cell bodies, in dendrites, and occasionally in axons of bipolar cells. Horizontal cell bodies and axonal complexes appear normal.
G o ␣ (labeling depolarizing bipolar cells) (Vardi, 1998) and caldendrin (revealing subtypes of cone bipolar cells) (Haverkamp and Wassle, 2000) display a normal distribution. Glutamine synthetase, a cell-specific enzyme of Müller cells, reveals the full profiles of Müller cells, whereas immunoreactivity for GFAP is absent from them.
On P15, a difference in the thickness of the photoreceptor layer is evident between wt and rd retinas. Death of photoreceptors in the rd has reduced the outer nuclear layer (ONL) to approximately six rows of photoreceptor nuclei. Some modifications start to become evident among second-order neurons. In particular, neurofilament and calbindin immunocytochemistry reveal sprouting of processes from horizontal cells, which are mostly originating from processes emerging from axonal complexes (Fig. 1) . Sprouts are represented by long thin neurites directed toward the IPL. Quantitative analysis of sections stained with calbindin D antibodies reveal that sprouts in the rd retina are 10 times more numerous than in the retina of the wt, in which they are found occasionally (Fig. 2) .
Müller cells display signs of hyper-reactivity because they label for GFAP. Upregulation of GFAP has been described previously in other forms of retinal degeneration as a sign of glial reaction (Sheedlo et al., 1995; de Raad et al., 1996; Wang et al., 2000; Zeng et al., 2000) .
At this age, other cell types (rod and cone bipolar cells and dopaminergic, cholinergic, and AII amacrines, which represent the major output neurons of rod bipolar cells) appear normal.
P18 -P20
Only scattered photoreceptor nuclei are left in the ONL of the rd mouse retina. At this age, synaptogenesis is completed (Blanks et al., 1974a,b; Horsburgh and Sefton, 1987) . Major changes are evident in the retina of the rd: dendrites of rod bipolar cells have disappeared from the central retina, and in the periphery, their growth has been arrested. As a consequence, mGluR6 has become spatially disorganized. Immunoreactivity appears clustered in the OPL, whereas persistent labeling of axons is mostly evident in the INL (data not shown). Rod bipolar axonal endings are unchanged as compared with P10 in the rd. In the wt, on the contrary, they have grown noticeably to reach the adult size (Fig. 3) . Horizontal cell bodies are still normal, whereas axonal arborizations have undergone further modifications. This is mostly visible in whole-mount retinal preparations reacted with antibodies against neurofilaments (Fig. 1) . Although processes of axonal complexes form a regular spider web with tight meshes in the wt, the same processes appear hypertrophic in the rd, and at the same time they cover poorly the retinal surface as a loose net. Finally, although the general morphology of Müller cells is normal as revealed by glutamine synthetase ICCH, there is still increased reactivity for GFAP. G o ␣ and caldendrin are still very similar to normal.
P30
Almost no rod photoreceptors are left by this stage in the rd retina (Jimenez et al., 1996; LaVail et al., 1997) . Leftover dendrites of rod bipolars, particularly from the peripheral retina, have undergone progressive retraction. There is also a visible difference in size between single axonal endings of rod bipolars in rd and wt. This is confirmed by electron microscopy performed at later stages. Individual rod bipolar endings, measured in sublamina 5 of the IPL, are noticeably smaller in the rd as compared with the wt (2.2 vs 3.5 m; n ϭ 20; SE ϭ 1 m). In addition, synaptic ribbons are smaller and ball shaped (Fig. 3 D, H ) . These ultrastructural features are typical of immature bipolar endings. Overall, rod bipolars in the rd retina appear frozen in a late developmental stage.
As reported in a previous paper (Strettoi and Pignatelli, 2000) , there is a decreased immunoreactivity (IR) for mGluR6, which is condensed in irregular clusters in the OPL, most probably corresponding to dendrites of depolarizing cone bipolars. There is persistent immunoreactivity in axons of bipolar cells in the rd.
ICCH for G o ␣ labels both rod and depolarizing cone bipolars (Vardi, 1998) . Thus, double staining with this antibody and PKC is necessary to distinguish between cellular types. In the wt, regularly spaced spherical formations appear in the OPL. They exhibit G o ␣-IR but lack PKC-IR (Fig. 4 A, B) , and they correspond to apical dendrites of depolarizing cone bipolars, entering the synaptic pedicles of cone photoreceptor to establish contacts in the OPL. Cone bipolar staining reveals differences, because in the rd it appears less regularly organized in space, with clustered dendrites in the OPL. The fine geometry of apical dendrites has been totally lost in the rd by P30 (Fig. 4C) .
Horizontal cell bodies are still regularly arranged in space, but axonal complexes are very poorly organized, with uneven, large holes formed by their loose processes in the OPL. At the singlecell level, as shown by gene-gun staining with carbocyanine dyes (Fig. 5) , this corresponds both to hypertrophy of individual, large-size processes and to complete loss of fine-size dendrites, which are normally postsynaptic to rods.
Caldendrin immunostaining (Fig. 6 A, B ) and NK3 labeling (Fig. 6C,D) also reveal a progressive retraction of cone bipolar dendrites in the OPL, because the normal thin layer, well evident in the retina of the wt, has been drastically reduced in the retina of the rd. GFAP hyper-reactivity, on the contrary, has been reduced in Müller cells.
P90
At this late stage of photoreceptor degeneration, all of the second-order neurons that we have examined show major alterations (Figs. 3, 4, 6 ). Rod bipolars have totally lost even the few dendrites that had developed successfully. Cone bipolars (belonging both to the "on" and to the "off" physiological varieties) also lost their dendritic complements, as shown by caldendrin, NK3, and G o ␣ immunostaining. Horizontal cells bodies, as well as axonal arborizations, are hypertrophic, whereas thin processes, emerging either from bodies or axonal endings, have been lost. We have shown previously that by this stage there is a loss of both rod bipolars and horizontal cells from the central retina, both reaching 30% (Strettoi and Pignatelli, 2000) .
At all the ages examined, we found no changes in the morphology and organization of three of the best-characterized types of amacrine cells: starburst cholinergic amacrines, dopaminergic amacrines, and AII amacrines. Starburst amacrines are large-field cells that occur in two mirror-symmetric populations, the cell bodies of which are located in the inner nuclear layer and the ganglion cell layer, with dendrites forming two bands in the outer and inner third of the IPL, respectively (Famiglietti, 1983) . Their number has been estimated for the retina of various mammals, including the mouse (Jeon et al., 1998) . Their general morphology and pattern of stratification do not vary in the retina of rd mice up to 3 months of age (data not shown). Their number also remains unchanged (16,174 Ϯ 415 cells in the rd vs 16,869 Ϯ 400 cells found in the wt).
Dopaminergic amacrines are interplexiform cells: they have wide dendritic arbors that ramify extensively in the outermost lamina of the IPL. From these dendrites, a plexus of radially oriented processes originates and runs toward the outer retina, to end freely in the OPL. Dopaminergic amacrine cells are present in the retina in very low number; there are 450 cells in the retina of the mouse (Gustincich et al., 1997) . We found a comparable number in the retina of the rd (452 cells per retina; SE Ϯ 30; four retinas sampled,). Their morphology was also normal in the retinas of rd mutant mice (data not shown).
Finally, AII amacrines represent the largest population of amacrine cells in the mammalian retina. They can be labeled by means of disabled 3 antibodies (Rice and Curran, 2000) . Because they receive a major synaptic input from rod bipolar cells (Strettoi . Dendritic loss in selective cone bipolars types. Caldendrin staining reveals a variety of both on and off cone bipolars, the dendrites of which form a continuous, thin layer in the outer plexiform layer (opl ) of the wt (A, arrows). In the adult rd ( B), at later stages of photoreceptor degeneration, this layer has totally disappeared, whereas the intensity of cell body staining has remained unchanged. A similar decrement of dendritic arbors is revealed by NK3 staining, shown in C for the retina of the wt and in D for that of the rd, that labels one variety of cone bipolar cells, the axons of which ramify in the outer portion of the IPL (ipl ). et al., 1992), we expected to find some abnormalities in this type of amacrine as a secondary effect of morphological variations of rod bipolar cells. However, their general morphological features appeared well preserved at all the ages tested (Fig. 7) . We cannot exclude the possibility, however, that changes in their number or dendritic organization occur later in time.
Electrophysiology
No electroretinographic responses at flash intensities below cone threshold could be elicited at any age in the rd mice. Therefore, an appropriate comparison between wt and rd mouse ERGs was attainable only for cone-mediated responses. It has been shown previously that for adult mice, cone-mediated ERGs can be isolated by suppressing rod circulating current by means of a steady light-adapting background (Peachey et al., 1993) . It has also been demonstrated (Pugh et al., 1998; Lyubarsky et al., 1999) that a background intensity producing 4000 -6000 photoisomerizations per rod is capable of suppressing Ͼ90% of the rod circulating current. This background, however, could not have been bright enough to suppress the circulating current of immature mouse rods, the sensitivity of which is known to be significantly lower than that attained in adult life (Fulton and Rushton, 1978) . In preliminary experiments, it was found that a background of 12 photopic cd/m 2 almost completely eliminated rodmediated a-waves in (P15) dark-adapted ERG recordings, leaving a residual a-wave, the kinetic characteristics of which could be ascribed to the suppression of cone circulating current (Lyubarsky et al., 1999) . Additional experiments showed that this conemediated a-wave was similar in shape and amplitude to that recorded in the dark-adapted state in both wt and rd mice at P15, 1 sec after the delivery of a bright conditioning flash (producing 50,000 isomerizations per rod per second) [i.e., following a procedure similar to that reported in Lyubarsky and Pugh (1996) and Pugh et al. (1998) ]. Therefore, it was assumed that under the present experimental conditions, the steady background used to isolate cone ERGs did not suppress, or only minimally suppressed, wt and rd cone responses. Figure 8 A shows representative cone-mediated ERGs obtained from a wt and an rd mouse at P15, the age at which most reliable responses were recorded from rd mice. It can be seen that, compared with the wt responses, rd ERGs are reduced in amplitude and show profound changes in their waveforms. More specifically, the b-waves are markedly slowed in latency, time-topeak, and duration. As a consequence of the b-wave latency increase, the time-to-peak of the a-wave is also substantially increased, compared with the wt a-wave. In Figure 8 B these differences are quantified as means Ϯ SE recorded from four wt and rd mice. It can be seen that, at all intensities, cone-mediated a-wave amplitudes are reduced, on average, by 50% compared with wt values. Mean b-wave amplitudes of rd mice show increasing losses as flash intensity increases. The greatest mean loss is observed at the maximum intensity (10ϫ decrease) and is by far greater than that observed for the a-wave amplitude.
An attempt was also made to compare the changes in response kinetics with light intensity of both cone-mediated a-waves and b-waves from rd and wt mice at P15. The leading edge of cone a-wave is thought to reflect mostly the suppression of cone circulating current (Hood and Birch, 1995; Smith and Lamb, 1997) , although a contribution of off-bipolar cells cannot be excluded (Sieving et al., 1994; Bush and Sieving, 1996) , whereas the b-wave is shaped by the contribution of both on-and off-bipolar cells (Sieving et al., 1994) . Figure 9A shows a-wave response families recorded at increasing intensities (0.2, 2, and 20 photopic cd/m 2 per second) from an rd and a wt mouse. In Figure 9B , the normalized amplitudes, measured at fixed times after stimulus onset, and the normalized initial slopes (see Materials and Meth- ods) of the a-waves shown in Figure 9A are compared for both animals. The rd mouse a-waves show reduced sensitivity (i.e., the light intensity required to reach a given normalized amplitude is 0.8 log units greater in the rd compared with the wt animal) and a reduced normalized initial slope, compared with the wt a-waves. The rd normalized initial slope appears to be more reduced at higher compared with lower flash intensities. Changes in both parameters indicated reduced sensitivity and altered kinetics of the rd cone a-waves compared with wt controls.
In Figure 10 A the response families of cone-mediated b-waves recorded at increasing flash intensities (0.2, 2, and 20 cd/m 2 per second) from one rd and one wt animal are shown. Normalized amplitudes (measured at fixed times after stimulus onset) and initial slopes of the same responses are compared for both animals in Figure 10 B. The b-wave amplitude of the rd mouse is lower, at the intermediate intensity, and slightly larger, at the lowest and highest intensity, than that of wt mouse (Fig. 10 B) . This behavior reflects mostly a significant departure from linearity for the rd b-wave amplitude compared with wt amplitude that, in agreement with other studies (Lyubarsky et al., 1999) , is linear in the same intensity range. The lower slope at the two lowest intensities of the rd, compared with the wt amplitude, may reflect a loss in light sensitivity. The initial slope of normalized response reveals a change in the b-wave kinetic for the rd mouse compared with the control. This is mainly reflected by the slope difference at the highest intensity.
Flicker ERG responses obtained in the wt and rd mouse at different temporal frequencies between 0.1 and 20 flashes per second are shown in Figure 11 A. Responses of the rd animal are shown on a normalized scale to allow better comparison of waveforms with those of the control. It is evident that in the rd, unlike in the wt control, ERG responses are dominated by the negative component, and by increasing the flash rate, the sluggish positive response component became progressively more attenuated. This confirms a general trend already observed for the single flash responses, where the rd b-wave not only is attenuated but also undergoes substantial waveform changes, being delayed and with longer duration than that observed in the control (Fig.  11 B) . In addition, the flicker experiment provides further evidence that the cone-mediated ERG abnormality in the rd mouse involves more the b-wave than the a-wave component. Figure 11C shows the mean (ϮSD) amplitudes and times-topeak of the b-wave recorded at different postnatal ages in rd and wt mice. In wt animals, there are progressive, significant increases in amplitude (F (4,18) ϭ 21.64; p Ͻ 0.01) as well as a decline in time-to-peak (F (4,18) ϭ 19.8; p Ͻ 0.01). Values close to those observed in adult animals are observed at P18. In rd mice, mean amplitudes and times-to-peak do not change significantly with postnatal age, maintaining the values observed at P14. Overall, these data indicate that cone-mediated b-waves of rd mice, unlike those of wt, show no signs of maturation throughout the second postnatal week. In rd mice, mean amplitudes and times-to-peak do change significantly with postnatal age, maintaining the values observed at P14.
DISCUSSION
In this paper we provide conclusive evidence that inner retinal neurons in a well established model of retinitis pigmentosa undergo a series of impressive changes accompanying and following photoreceptor loss. Changes fall into two groups: sprouting of processes in horizontal cells and underdevelopment of dendrites in rod bipolar cells, and later retraction of dendrites in cone bipolar cells. A Müller glial reaction, in the form of GFAP transient hyperexpression, is also described. Thus, we describe early-onset alterations in the morphology of some rod-related neurons (rod bipolars, axonal arborizations of horizontal cells) and upregulation of GFAP in Müller cells during the acute phase of rod photoreceptor death. Later, cone-connected neurons (cone bipolar cells, cell bodies of horizontal cells) also undergo major modifications. It has to be noted that changes in second-order neurons appear first in those cells that establish connections with photoreceptors at the time of their death (such as rod bipolars and axonal complexes of horizontal cells), as though they were more vulnerable to photoreceptor degeneration at the time of synaptogenesis. This is confirmed by the fact that AII amacrine cells, which receive major synaptic input from rod bipolars but establish connections in the IPL well before the onset of photoreceptor degeneration, remain normal, like dopaminergic and cholinergic amacrines.
The morphological changes recall closely the effects of trophic factor deprivation in various neurons, in which one of the first consequences of nurturing molecule removal is retraction of dendrites. The release of diffusible molecules capable of affecting survival from normal retinas has been proven recently (MohandSaid et al., 1998) . Most probably, bipolar cells receive trophic information from photoreceptors that guide and sustain the appropriate development of their dendritic arbors. Without such trophic signals, dendrites first underdevelop and then, inevitably, undergo atrophy.
Possibly as a consequence of uncompleted development of the outer part of the cells, rod bipolar axonal endings also stop their growth, to retain immature morphology. Single varicosities in the inner plexiform layer never reach the adult size, whereas their synapses display underdeveloped ultrastructural features. Thus, synaptogenesis is altered not only in the OPL of the rd retina, as described in classic studies (Blanks et al., 1974a,b) , but also in the IPL. This suggests a correlation between proper development of Figure 11 . A, Cone-mediated flicker ERGs obtained at different temporal frequencies for a wt and an rd mouse at P15 and P14, respectively. Vertical calibration bar indicates 20 and 10 V for the wt and rd mouse, respectively. Horizontal bar indicates 20 msec for both animals. B, Peak-to-peak b-wave amplitudes and times-to-peak plotted as a function of temporal frequency for both animals. C, Mean (ϮSD) amplitudes and times-to-peak of the cone ERG b-wave recorded from wt and rd mice at different ages. Adult values (P60) are also shown for comparison. n ϭ 4 -6 animals for each group and postnatal day. Note the rapid increase in amplitude and shortening in time-to-peak in wt animals between P14 and P18. By contrast, no changes can be observed in rd b-waves during the same time window.
axonal arborization and normal growth of dendritic arborization. Horizontal cells, instead, change from an actively searching, sprouting status to secondary hypertrophy and loss of thin processes. Their changes appear different in cell bodies (connected to cones) as compared with axonal arborizations (postsynaptic to rods). They first start to sprout and later disorganize spatially before the cell bodies and their dendrites. This suggests that (1) events detected in horizontal cells are related to signals transmitted through the synaptic connections with photoreceptors, and (2) separate districts of the same cell (cell body vs axonal complex) receive different messages and react with different cytoskeletal responses in time. Cone bipolar cells, as compared with rod bipolars, succeed in reaching a mature morphology. This is reasonable, because cone photoreceptors develop normally in the rd and die only later as compared with rods (LaVail et al., 1997); however, cone bipolar cells also eventually lose their normal complement of dendrites in the OPL.
On the contrary, amacrine cells, which develop synaptic connections before bipolar and horizontal cells, do not appear to react to photoreceptor degeneration. It can be concluded that both short-term, synaptogenesis-related changes and, later, modifications of second-order neurons are quite dramatic in the rd mutation. This has to be taken into account when devising strategies to cure RP, because they probably have to be designed very early to prevent the secondary effects on inner retinal cells.
Physiological modifications related to changes in the inner retina of the rd mutant mouse are also quite striking. If a decrease in the amplitude of cone-generated a-waves of the ERG is quite predictable on the basis of a diminished cone response, a much larger decrease of the b-wave can only be explained on the basis of a selective deficit of second-order neurons. Alternatively, alterations in the efficacy of the synaptic transmission between photoreceptors and cone bipolar cells could be responsible. In particular, because the positive b-wave is thought to reflect mostly the activity of depolarizing cone bipolar cells, a decreased sensitivity (or a lower concentration) of metabotropic glutamate receptors on the dendrites of such bipolar cells could explain a delay and a change of shape in the response of depolarizing neurons. Because we have observed decreased immunoreactivity and displacement of mGluR6 in the OPL of developing rd retinas (Strettoi and Pignatelli, 2000) , this could explain the changes demonstrated by means of ERG recordings.
Quantitative analysis of the dark-adapted a-and b-waves of the heterozygous rd mouse was performed in the past by Low (1987) . It was found that at low stimulus intensities, a-waves were slower compared with those of control animals, and a-and b-wave sensitivities were increased compared with controls. The results were interpreted in terms of reduced rates of cGMP metabolism. In Low's study, however, no quantitative analysis of the ERG of the homozygous rd/rd mouse was reported, and isolated conemediated responses were not evaluated. Other studies (Frasson et al., 1999) evaluated the dark-adapted a-and b-waves of the rd/rd mouse; however, no quantitative analysis of sensitivity and kinetics of these components in the dark-or light-adapted state were attempted.
All together, we demonstrate clearly that there are profound, early detectable physiological and morphological changes in the inner retina of the rd mutant mouse. These changes take place both during postnatal development (so that they appear time related to synaptic events in the retina) and later in life, suggesting that in different forms of retinitis pigmentosa, usually appearing when synaptogenesis is well completed, atrophy and apoptosis of second-order neurons have to be expected. Thus, even in the fortunate outcome of gene therapy or successful rescue of photoreceptors in retinal degeneration, attention has to be paid to prevent or circumvent secondary effects on key neurons of the inner retina. It is possible that the presence of transplanted cells is capable, by itself, of partially reversing some of the modifications described in second-order neurons, as shown by some authors (Kwan et al., 1999) .
